ADP

:   adenosine diphosphate

ATE

:   arterial thromboemboli

ESCO

:   end‐systolic cavity obliteration

HCM

:   hypertrophic cardiomyopathy

LV

:   left ventricular

MFI

:   mean fluorescence intensity

PPP

:   platelet‐poor plasma

PRP

:   platelet‐rich plasma

RBC

:   red blood cell

sPECAM‐1

:   soluble platelet‐endothelial cell adhesion molecule 1

Hypertrophic cardiomyopathy (HCM) is the most common cardiovascular disease of domestic cats, and is caused by a hereditary mutation in a sarcomeric gene (myosin binding protein C) in Maine Coon and Ragdoll cats.[1](#jvim12325-bib-0001){ref-type="ref"}, [2](#jvim12325-bib-0002){ref-type="ref"}, [3](#jvim12325-bib-0003){ref-type="ref"} HCM results in left ventricular (LV) hypertrophy and myofibrosis and may lead to left heart failure, systemic arterial thromboembolism (ATE), and sudden death.[4](#jvim12325-bib-0004){ref-type="ref"}, [5](#jvim12325-bib-0005){ref-type="ref"} Most of the thromboemboli are thought initially to form in the left atrium or left auricle, breaking loose to form a thromboembolus. Although the reasons thrombi form in this location have yet to be clearly defined, there is general agreement that the 3 factors of Virchow\'s triad (ie, endothelial damage, blood flow stasis, and hypercoagulability) likely underlie their formation.[6](#jvim12325-bib-0006){ref-type="ref"} Specifically, endocardial injury has been observed at necropsy of cats with HCM[7](#jvim12325-bib-0007){ref-type="ref"}, and Doppler echocardiography has identified slowed blood flow velocity in the left atrium, particularly in the left auricle, in cats with left atrial enlargement because of HCM.[8](#jvim12325-bib-0008){ref-type="ref"}, [9](#jvim12325-bib-0009){ref-type="ref"}

Platelet activation associated with HCM may be because of several factors. Studies have demonstrated a correlation between spontaneous platelet activation and LV hypertrophy in humans,[10](#jvim12325-bib-0010){ref-type="ref"}, [11](#jvim12325-bib-0011){ref-type="ref"} and increased P‐selectin expression has been documented in association both with congestive heart failure and HCM in humans.[12](#jvim12325-bib-0012){ref-type="ref"}, [13](#jvim12325-bib-0013){ref-type="ref"}, [14](#jvim12325-bib-0014){ref-type="ref"} When considering the association of heart disease and platelet activation, an enlarged left atrium, endothelial damage, and the presence of mitral regurgitation all have the potential to generate high shear, resulting in platelet up‐regulation, release of alpha granule components, and increased sensitivity to agonists.[15](#jvim12325-bib-0015){ref-type="ref"}, [16](#jvim12325-bib-0016){ref-type="ref"} In vitro studies by Holme et al[17](#jvim12325-bib-0017){ref-type="ref"} demonstrated shear‐induced platelet activation and development of platelet microparticles under flow conditions that may be similar to those associated with diastolic dysfunction in cats with HCM as suggested by Bedard et al.[18](#jvim12325-bib-0018){ref-type="ref"}

Models of experimental ischemic thrombosis and of clinical studies in cats with HCM have provided evidence that increased platelet activation likely plays a critical role in HCM‐associated thromboembolism. Early aggregometry studies by Helenski and Ross,[19](#jvim12325-bib-0019){ref-type="ref"} as well as those of Welles et al,[20](#jvim12325-bib-0020){ref-type="ref"} demonstrated that platelets from cats with HCM are more sensitive to agonist stimulation. However, a more in‐depth study is required to determine the relationship of platelet activation to cardiovascular parameters associated with HCM. We hypothesize that increased platelet reactivity and sensitivity to agonists such as ADP, release of platelet alpha granule contents, and increases in circulating platelet soluble endothelial cell adhesion molecule‐1 (sPECAM‐1) are indicators of platelet activation which contributes to the development of a hypercoaguable state and eventual development of ATE.

Materials and Methods {#jvim12325-sec-0008}
=====================

Animals {#jvim12325-sec-0009}
-------

The study was approved by the Institutional Animal Care and Use Committee at the University of California, Davis. Signed owner consent was obtained for all normal cats used in the investigation. Clinically healthy cats were owned and volunteered by the staff and students at the University of California, Davis School of Veterinary Medicine. All cats were \>1 year of age, had no known current cardiac disease, and were normal on physical and echocardiographic examinations. This group of cats served as controls.

A second group of animals was selected from a colony of Maine Coon and Maine Coon‐cross cats bred and raised at the UC Davis Feline HCM Research Laboratory, School of Veterinary Medicine. Many of these cats have a known genetic predisposition for HCM. There were no healthy Maine Coon cats available for our study. Categorization of cats with HCM was based on physical examination and transthoracic echocardiography. Factors for determining the presence and severity of disease included left ventricular wall, thickness, size of papillary muscles, and left atrial size as well as the presence or absence of systolic cranial motion of the mitral valve, end‐systolic cavity obliteration (ESCO), a heart murmur, or some combination of these findings. The genotype (+/‐ A31P myosin binding protein C mutation) of each cat in the HCM colony also was noted. Based on these criteria, cats were identified as severely diseased, moderately diseased, or equivocal, based on the study of Hsu et al.[21](#jvim12325-bib-0021){ref-type="ref"} Cats that were equivocal for HCM had normal left ventricle (LV) wall thickness and enlarged papillary muscles with or without systolic cranial motion of the mitral valve. Cats with moderate HCM had normal to mild left atrial enlargement and left ventricular wall thickness of 6--7 mm. Cats with severe HCM had no to severe left atrial enlargement and left ventricular wall thickness \>7 mm. None of the colony cats had a history of or clinical signs consistent with ATE. No cats were receiving any treatment for HCM at the time of this study.

When required, cats were sedated with 0.1 mg/kg acepromazine SC, and blood was collected from either the jugular or medial saphenous veins. Complete blood counts were obtained using an automated blood cell analyzer.[1](#jvim12325-note-0001){ref-type="fn"} For sPECAM‐1 studies, blood was collected into EDTA tubes, and samples were immediately transferred to 15 mL polypropylene tubes containing 769 μL of chilled aprotinin and maintained on ice until centrifugation (5 min, 500 × *g*, 4°C). The resulting plasma was centrifuged (5 min, 15,800 × *g*, 4°C), and platelet‐poor plasma (PPP) was collected and immediately frozen in polypropylene cryotubes at −80°C until further analysis.

Flow Cytometry {#jvim12325-sec-0010}
--------------

For flow cytometry studies, blood was collected into 3.2% trisodium citrate tubes and PRP was prepared by gravity sedimentation after by dilution with Tyrodes Hepes buffer containing 5 mM dextrose to achieve a final platelet concentration 1 × 10^7^ platelets/100 μL.[18](#jvim12325-bib-0018){ref-type="ref"} Samples either were unstimulated (resting) or treated with 20 μM ADP, and incubated for 15 minutes at room temperature. Samples then were labeled with antibodies to both CD62P (P‐selectin)[2](#jvim12325-note-0002){ref-type="fn"} and a biotinylated antibody to CD41,[3](#jvim12325-note-0003){ref-type="fn"} incubated an additional 45 min followed by the addition of streptavidin conjugated to Alexa 633.[4](#jvim12325-note-0004){ref-type="fn"} Samples were incubated for an additional 30 min before to fixation in 1% paraformaldehyde. Isotype and autofluorescent controls were run for all samples. Samples were read on a 5 color flow cytometer[5](#jvim12325-note-0005){ref-type="fn"} and data were analyzed using commercially available flow cytometry analysis software.[6](#jvim12325-note-0006){ref-type="fn"}

Platelets were defined by forward and side scatter properties as well by the use of 0.9 μm calibrated beads[7](#jvim12325-note-0007){ref-type="fn"} according to the method of Robert et al.[22](#jvim12325-bib-0022){ref-type="ref"} Platelets were further defined by expression of CD41 (the alpha subunit of the major platelet integrin α2bβ3a) on their cell surface. Within the CD41‐positive platelet population, we evaluated the percentage of platelets that were positive for P‐selectin on their surface and the mean fluorescence intensity of P‐selectin expression, an indicator of protein density. A microvesicle population was defined as CD41‐positive events that had a shift in forward scatter, and which were approximately 0.5 μm in size, as determined by calibration beads.

Western Blot Analysis {#jvim12325-sec-0011}
---------------------

Plasma expression of sPECAM‐1 was quantified by Western blot analysis using an affinity purified polyclonal antibody.[8](#jvim12325-note-0008){ref-type="fn"} Equal volumes of plasma from normal cats and cats with HCM were evaluated by sodium dodecyl sulfate‐polyacrylamide gel electrophoresis (SDS‐PAGE), transferred to nitrocellulose membranes, blocked with 5% nonfat milk, and incubated overnight with a polyclonal antibody to the extracellular domain of recombinant human PECAM‐1 (diluted 1:1000 in 5% bovine serum albumin, 4°C). Blots were washed 3 times and probed with a rabbit antisheep antibody conjugated to horseradish peroxidase (1:50,000, 1 hour at room temperature). Membranes were imaged with a commercial imaging system,[9](#jvim12325-note-0009){ref-type="fn"} using a chemiluminescent substrate.[10](#jvim12325-note-0010){ref-type="fn"} Densitometry was quantified using the Image J analysis system.[11](#jvim12325-note-0011){ref-type="fn"}

Fibrinogen {#jvim12325-sec-0012}
----------

Blood samples collected in 3.2% trisodium citrate were submitted for plasma fibrinogen concentration analysis at the Veterinary Medical Teaching Hospital Clinical Pathology laboratory. Fibrinogen assays were performed by the same laboratory using the "Clauss method".[23](#jvim12325-bib-0023){ref-type="ref"}

Statistical Analysis {#jvim12325-sec-0013}
--------------------

Normally distributed data were analyzed by one‐way ANOVA with Dunnett\'s multiple comparison tests. Normality was determined by the Shapiro--Wilk normality test. Data that were not normally distributed were evaluated by a Kruskal--Wallis One‐way ANOVA on ranks and a Dunn\'s multiple comparison test. All calculations were performed using statistical software.[12](#jvim12325-note-0012){ref-type="fn"} All tests used a significance level of *P* ≤ .05.

Results {#jvim12325-sec-0014}
=======

A total of 8 control cats, 5 cats with equivocal echocardiographic findings, 22 cats with moderate HCM, and 9 cats with severe HCM were studied. However, a number of cats with moderate HCM were not available for the flow cytometry studies.

Flow Cytometry {#jvim12325-sec-0015}
--------------

Platelet and platelet microvesicle populations were defined using calibrated beads, according to the method of Robert et al[22](#jvim12325-bib-0022){ref-type="ref"} and the authors\' platelet flow cytometry experience.[24](#jvim12325-bib-0024){ref-type="ref"}, [25](#jvim12325-bib-0025){ref-type="ref"} Resting platelet populations in control cats have a distinctive oval pattern (Fig [1](#jvim12325-fig-0001){ref-type="fig"}A) whereas resting platelets from cats with severe HCM have an elongated profile typical of activated platelets (Fig [1](#jvim12325-fig-0001){ref-type="fig"}B).[24](#jvim12325-bib-0024){ref-type="ref"}, [25](#jvim12325-bib-0025){ref-type="ref"} A representative histogram demonstrates the difference in resting platelet P‐selectin expression between a control cat and a cat with severe HCM (Fig [1](#jvim12325-fig-0001){ref-type="fig"}C). Cats with severe HCM had statistically higher numbers of P‐selectin‐positive platelets when compared with platelets from a resting control population (n = 20, Fig [1](#jvim12325-fig-0001){ref-type="fig"}D). Also, a statistically significant increase in the mean fluorescence intensity (MFI) of P‐selectin of platelets from cats with severe HCM was identified as compared to those of resting control platelets (n = 20, Fig [1](#jvim12325-fig-0001){ref-type="fig"}E). However, there was no difference in either the percentage of P‐selectin‐positive platelets or their MFI between the control group and the equivocal and moderate groups. No significant differences in the number of CD41‐positive platelet microvesicles were observed among any of the groups (data not shown).

![(**A, B**) Representative forward scatter and side scatter images of resting control platelets (A) and resting platelets from a cat with severe hypertrophic cardiomyopathy (HCM) (B). Black oval (→) delineates the microvesicle population as defined by 0.5 μm‐standardized beads, while the larger black oval to the right (\>) represents the platelet population. (**C**) Representative histograms of resting platelets from a control cat (light gray) and a cat with severe HCM (black) demonstrating the significant increase in platelet P‐selectin expression in cats with severe HCM. (**D**) Flow cytometric analysis of P‐selectin‐positive platelets demonstrates a significant difference between P‐selectin‐positive platelets in control cats and cats with severe HCM (*P* = .0275). (**E**) Platelets from cats with severe HCM have a higher mean fluorescence intensities of P‐selectin on their surface than platelets from control cats (*P* = .0028).](JVIM-28-411-g001){#jvim12325-fig-0001}

When platelets were stimulated with 20 μM ADP, no significant differences in the percentage of P‐selectin‐positive platelets were identified among any of the groups (n = 20, Fig [2](#jvim12325-fig-0002){ref-type="fig"}A). Statistically significant differences in the MFI of P‐selectin on the platelet surface between control cats and cats with severe HCM (n = 20, Fig [2](#jvim12325-fig-0002){ref-type="fig"}B), however, were identified. In addition, a significant increase in the CD41‐positive platelet microvesicle population in cats with severe HCM was identified when compared to the control group (n = 20, Fig [3](#jvim12325-fig-0003){ref-type="fig"}A). A representative histogram of CD41‐positive microvesicles from a control and a cat with severe HCM is shown in Figure [3](#jvim12325-fig-0003){ref-type="fig"}B.

![(**A**) When platelets are stimulated with the physiologic agonist adenosine diphosphate, there were no statistically significant differences in the percentage of P‐selectin‐positive platelets between any of the groups. (**B**) There were statistically significant differences in mean fluorescence intensities (MFI), and platelets from cats with severe hypertrophic cardiomyopathy had higher P‐selectin MFI on their surface than did control cats (*P* = .0055).](JVIM-28-411-g002){#jvim12325-fig-0002}

![(**A**) When platelets were stimulated with adenosine diphosphate (ADP), cats with severe hypertrophic cardiomyopathy (HCM) expressed greater numbers of CD41‐positive microvesicles than did control cats (*P* = .0228). (**B**) Representative histograms of ADP‐activated platelets from a control cat (light gray) and a cat with severe HCM (black) demonstrating the significant increase in CD41‐positive microvesicles in cats with severe HCM.](JVIM-28-411-g003){#jvim12325-fig-0003}

All cats underwent echocardiographic examinations, allowing us to determine whether either the changes seen in P‐selectin expression or MFI correlated with a heart murmur or with ESCO. A significant difference was identified between the percentage of P‐selectin‐positive platelets from cats with a murmur and those without a murmur (n = 20, Fig [4](#jvim12325-fig-0004){ref-type="fig"}A). Significance differences in resting platelet P‐selectin MFI also were observed between cats with and without a murmur (n = 20, Fig [4](#jvim12325-fig-0004){ref-type="fig"}B). Similarly, ESCO had a statistically significant effect, both with regard to the percentage P‐selectin‐positive (n = 20, Fig [5](#jvim12325-fig-0005){ref-type="fig"}A) and P‐selectin MFI of unstimulated (resting) platelets (n = 20, Fig [5](#jvim12325-fig-0005){ref-type="fig"}B).

![(**A**) There was a significant increase in P‐selectin‐positive platelets in cats with murmurs (*P* = .011). (**B**) Platelets from cats with heart murmurs had significantly increased P‐selectin mean fluorescence intensities on their surface (*P* = .0017).](JVIM-28-411-g004){#jvim12325-fig-0004}

![(**A**) Cats that had end‐systolic cavity obliteration (ESCO) on ultrasound examination expressed more P‐selectin‐positive cells (*P* = .02). (**B**) Cats that had ESCO on ultrasound examination also had a higher mean fluorescence intensities of P‐selectin on the cell surface (*P* = .002).](JVIM-28-411-g005){#jvim12325-fig-0005}

Soluble Platelet‐Endothelial Cell Adhesion Molecule‐1 {#jvim12325-sec-0016}
-----------------------------------------------------

sPECAM‐1 relative concentration in the plasma of our study population were evaluated by Western blot using an affinity purified polyclonal antibody to sPECAM‐1. Densitometry was performed to evaluate the relative extent of expression plasma sPECAM‐1. Interestingly, there were significant differences in the relative means concentrations of sPECAM‐1 between control cats and cats with either moderate or severe HCM (n = 44, Fig [6](#jvim12325-fig-0006){ref-type="fig"}). There was no correlation between the genotype (cats with the A31P mutation in myosin binding protein C) and sPECAM‐1 plasma expression, nor was there any correlation between ESCO and sPECAM‐1 expressions.

![Mean relative densities of soluble platelet‐endothelial cell adhesion molecule‐1 from cats with moderate and severe hypertrophic cardiomyopathy were significantly higher than those of controls (*P* ≤ .001 and *P* ≤ .05, respectively).](JVIM-28-411-g006){#jvim12325-fig-0006}

Plasma Fibrinogen Concentrations {#jvim12325-sec-0017}
--------------------------------

We found no significant differences in fibrinogen concentrations between control cats and the cats with equivocal, moderate, and severe HCM. All fibrinogen concentrations were within the normal reference intervals of our clinical laboratory.

Discussion {#jvim12325-sec-0018}
==========

Our study showed that unstimulated (resting) platelets from cats with severe HCM had significantly increased activation as measured by surface expression of P‐selectin. Stimulation of platelets from these cats with the physiological agonist ADP resulted in increased P‐selectin expression (MFI) compared to control cats. This increase in MFI likely is the result of increased numbers of secreted alpha granules, and has been suggested to be a more sensitive indicator of activation than the percentage of positive cells.[26](#jvim12325-bib-0026){ref-type="ref"} Platelets from cats with severe HCM also had increased numbers of CD41‐positive microvesicles, another indicator of platelet activation. The presence of a heart murmur as well as ESCO in cats with HCM correlated with increased P‐selectin expression on the platelet surface. sPECAM‐1 expression also was significantly increased in cats with moderate and severe HCM.

Platelet P‐selectin is localized to the membranes of alpha granules and only is expressed on the platelet surface after alpha granule secretion, where it plays a key role in stabilizing platelet‐platelet aggregates that are formed initially by the interaction of fibrinogen and α2bβ3a integrin.[27](#jvim12325-bib-0027){ref-type="ref"} Under conditions that activate platelets and promote platelet‐endothelial interaction, P‐selectin also tethers platelets to leukocytes by platelet P‐selectin and leukocyte P‐selectin glycoprotein ligand‐I.[28](#jvim12325-bib-0028){ref-type="ref"}, [29](#jvim12325-bib-0029){ref-type="ref"}, [30](#jvim12325-bib-0030){ref-type="ref"} These interactions can result in the development of a more stable platelet‐leukocyte complex as well as promoting the adhesion and recruitment of leukocytes to the endothelium. Recruitment of leukocytes to damaged endothelium by P‐selectin and the generation of leukocyte‐derived microparticles mediate the generation of fibrin.[31](#jvim12325-bib-0031){ref-type="ref"} Studies in P‐selectin knockout mice showed prolonged bleeding times and increased hemorrhage in response to trauma, providing further evidence for the role of this selectin in hemostasis.[32](#jvim12325-bib-0032){ref-type="ref"} These and other studies suggest that P‐selectin serves as a critical regulator of hemostasis by capture of leukocyte‐derived microvesicles, resulting in the recruitment of tissue factor into developing thrombi.[33](#jvim12325-bib-0033){ref-type="ref"}

Plasma sPECAM‐1 may be derived from multiple sources including, but not limited to, platelets and endothelial cells. In platelets, PECAM‐1 is present both in alpha granules as well as on the platelet plasma membrane.[34](#jvim12325-bib-0034){ref-type="ref"} In endothelial cells, the molecule is located on the plasma membrane and is concentrated at endothelial cell‐cell junctions. In both platelets and endothelial cells, PECAM‐1 is shed into the plasma after proteolytic cleavage of its ectodomain. sPECAM‐1 is consistently and significantly increased in humans with acute myocardial infarction, as well as in patients with congestive heart failure independent of disease origin.[35](#jvim12325-bib-0035){ref-type="ref"}, [36](#jvim12325-bib-0036){ref-type="ref"} Similar results have been documented by Soeki et al, who suggested that increased sPECAM‐1 concentrations may be a sensitive marker for the early diagnosis of acute cardiac disease in humans.[35](#jvim12325-bib-0035){ref-type="ref"} PECAM‐1 has been shown to have proinflammatory activity through the promotion of leukocyte‐endothelial translocation and transmission of systemic signals associated with endothelial stress.[37](#jvim12325-bib-0037){ref-type="ref"} Unlike platelet P‐selectin, which supports neutrophil‐platelet and platelet‐endothelial interactions, platelet PECAM is an inhibitory molecule that has been proposed to limit thrombus formation by limiting platelet‐platelet interactions as well as platelet adhesion to collagen.[34](#jvim12325-bib-0034){ref-type="ref"}, [38](#jvim12325-bib-0038){ref-type="ref"}, [39](#jvim12325-bib-0039){ref-type="ref"} These studies have suggested that PECAM‐1 serves to regulate thrombus formation and thereby inhibit vessel occlusion. We suggest that the significantly increased concentrations of sPECAM‐1 in cats with moderate and severe HCM may serve as early markers of heart disease, similar to what has been observed in humans.[40](#jvim12325-bib-0040){ref-type="ref"} Furthermore, we cannot rule out the possibility that the increases in sPECAM‐1 seen in cats with severe HCM are a systemic response to a procoagulant state, as suggested by the significant increases in P‐selectin expression and microvesicle production.

This study had some limitations. Increased concentrations of sPECAM‐1 in the plasma of cats with HCM may not be related to platelet activation, but instead could be because of damaged or inflamed endothelium where sPECAM‐1 is associated with leukocyte migration. Given that increased inflammatory mediators such as interleukin‐6 and tumor necrosis factor‐α have been shown to be present in congestive heart failure in humans,[41](#jvim12325-bib-0041){ref-type="ref"} increased sPECAM‐1 may reflect chronic inflammation and long‐term endothelial damage.[10](#jvim12325-bib-0010){ref-type="ref"} An additional limitation is the lack of Maine Coon control cats, as well as the small numbers of cats with moderately severe HCM that were available for flow cytometry studies. Also, not all HCM colony cats were purebred Maine Coon cats, and the control group did not contain Maine Coon cats, thus it is not possible to exclude breed specific differences as an alternative explanation for the differences between control and HCM groups. Since P‐selectin results were only significantly different between control cats and cats with severe HCM, the data suggest that the difference is likely HCM‐related, rather than breed‐related. Similarly, sPECAM‐1 results only were significantly increased in cats with moderate and severe HCM, also suggesting that differences are not a breed effect.

In conclusion, our study shows that there is an association between biomarkers of platelet activation (P‐selectin and sPECAM‐1) and HCM. Specifically, P‐selectin expression is increased in cats with severe HCM as well as in those with a heart murmur and in those with ESCO, suggesting that platelets from cats with HCM are procoagulant and that those cats maybe at higher risk for ATE.
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